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Relation of Lake-Floor Characteristics to the Distribution
of Variable Leaf Water-Milfoil in Moultonborough Bay,
Lake Winnipesaukee, New Hampshire, 2005

By Denise M. Argue’, Richard G. Kiah', Jane F. Denny?, Jeffrey R. Deacon’, William W. Danforth?,

Craig M. Johnston', and Amy P. Smagula®

Abstract

Geophysical, water, and sediment surveys were done
to characterize the effects of surficial geology, water and
sediment chemistry, and surficial-sediment composition on the
distribution of variable leaf water-milfoil in Moultonborough
Bay, Lake Winnipesaukee, New Hampshire. Geophysical
surveys were conducted in a 180-square-kilometer area, and
water-quality and sediment samples were collected from
24 sites in the survey area during July 2005.

Swath-bathymetric data revealed that Moultonborough
Bay ranged in depth from less than 1 meter (m) to about 15 m
and contained three embayments. Seismic-reflection profiles
revealed erosion of the underlying bedrock and subsequent
deposition of glaciolacustrine and Holocene lacustrine
sediments within the survey area. Sediment thickness ranged
from 5 m along the shoreward margins to more than 15 m in
the embayments. Data from sidescan sonar, surficial-sediment
samples, bottom photographs, and video revealed three distinct
lake-floor environments: rocky nearshore, mixed nearshore,
and muddy basin. Rocky nearshore environments were found
in shallow water (less than 5 m deep) and contained sediments
ranging from coarse silt to very coarse sand. Mixed nearshore
environments also were found in shallow water and contained
sediments ranging from silt to coarse sand with different
densities of aquatic vegetation. Muddy basin environments
contained the finest-grained sediments, ranging from fine to
medium silt, and were in the deepest waters of the bay.

Acoustic Ground Discrimination Systems (AGDS) survey
data revealed that 86 percent of the littoral zone (the area along
the margins of the bay and islands that extends from 0 to 4.3 m
in water depth) contained submerged aquatic vegetation (SAV)

*U.S. Geological Survey, New Hampshire/\ermont Water Science Center,
Pembroke, New Hampshire.

2U.S. Geological Survey, Coastal and Marine Geology, Woods Hole Science
Center, Woods Hole, Massachusetts.

3New Hampshire Department of Environmental Services, Concord,
New Hampshire.

in varying densities: approximately 36 percent contained SAV
bottom cover of 25 percent or less, 43 percent contained SAV
bottom cover of more than 25 and less than 75 percent, and
approximately 7 percent contained SAV bottom cover of more
than 75 percent. SAV included variable leaf water-milfoil,
native milfoil, bassweed, pipewort, and other species, which
were predominantly found near shoreward margins and at
depths ranging from less than 1 to 4 m.

AGDS data were used in a Geographic Information
System to generate an interpolated map that distinguished
variable leaf water-milfoil from other SAV. Furthermore,
these data were used to isolate areas susceptible to variable
leaf water-milfoil growth. Approximately 21 percent of the
littoral zone contained dense beds (more than 59 percent
bottom cover) of variable leaf water-milfoil, and an additional
44 percent was determined to be susceptible to variable leaf
water-milfoil infestation.

Depths differed significantly between sites with variable
leaf water-milfoil and sites with other SAV (p = 0.04).
Variable leaf water-milfoil was found at depths that ranged
from 1 to 4 m, and other SAV had a depth range of 1 to 2 m.
Although variable leaf water-milfoil was observed at greater
depths than other SAV, it was not observed below the
photic zone.

Analysis of constituent concentrations from the water
column, interstitial pore water, and sediment showed little
correlation with the presence of variable leaf water-milfoil,
with two exceptions. Iron concentrations were significantly
lower at variable leaf water-milfoil sites than at other sampling
sites (p = 0.04). Similarly, the percentage of total organic
carbon also was significantly lower at the variable leaf
water-milfoil sites than at other sampling sites (p = 0.04).

Surficial-sediment-grain size had the greatest correlation
to the presence of variable leaf water-milfoil. Variable leaf
water-milfoil was predominantly growing in areas of coarse
sand (median grain-size 0.62 millimeters). Surficial-sediment-
grain size was also correlated with total ammonia plus organic
nitrogen (Rho = 0.47; p = 0.02) and with total phosphorus
(Rho = 0.44; p = 0.05) concentrations in interstitial
pore-water samples.
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Introduction

In freshwater bodies of New Hampshire, the most
problematic aquatic invasive plant species is Myriophyllum
heterophyllum or variable leaf water-milfoil (fig. 1)

(A.P. Smagula, New Hampshire Department of Environ-
mental Services, written commun., 2006). Once established,
variable leaf water-milfoil forms dense beds that can alter the
limnologic characteristics of a waterbody. The dense beds
commonly clog the water and reduce circulation in shallow
areas; as a result, temperatures increase throughout the water
column in summer, which may lower dissolved oxygen
concentrations (Smith and Barko, 1990; Keast, 1983). These
types of changes may decrease the habitat quality for fish. In
addition to the effect on natural lacustrine communities and
their habitats, variable leaf water-milfoil infestations disrupt
recreational uses of waterbodies. The lakes and ponds of
New Hampshire are an important economic resource and are
highly regarded for their inherent beauty and recreational
uses. Invasive aquatic plants such as variable leaf water-
milfoil have negatively affected swimming, boating, fishing,
and property values in and around several lakes and ponds

in New Hampshire (Crow and others, 2000; Halstead and
others, 2003).

Lake Winnipesaukee, the subject of this study, is in the
east-central part of New Hampshire (fig. 2). Moultonborough

Bay is in the northern section of Lake Winnipesaukee (fig. 2).

Despite its oligotrophic status, Moultonborough Bay
supports the most extensive rooted aquatic plant growth
in Lake Winnipesaukee (A.P. Smagula, New Hampshire

Department of Environmental Services, written commun.,
2006). Several species of aquatic plants native to New
Hampshire waterbodies live in Moultonborough Bay; a native
species of water milfoil, bassweed, pipewort, and at least eight
additional native submerged aquatic plants (which are present
at low densities and occurrences) have been documented in
the bay (table 1) (A.P. Smagula, New Hampshire Department
of Environmental Services, written commun., 2006). In 1965,
Moultonborough Bay became the first waterbody in New
Hampshire where variable leaf water-milfoil (Myriophyllum
heterophyllum) was observed (A.P. Smagula, New Hampshire
Department of Environmental Services, written commun.,
2006). Variable leaf water-milfoil is native to the Southeastern
and Midwestern areas of the United States. In its native range,
the more alkaline waters appear to limit the growth of this
plant. Outside its native range, however, it adapts well to the
relatively acidic, low-alkalinity, and nutrient-poor conditions
of oligotrophic lakes and bays (Crow and others, 2000;
Kimball and Baker, 1983) similar to Moultonborough Bay.
Since the first documented case of variable leaf water-
milfoil infestation in Moultonborough Bay, the plant has
been observed in 56 other waterbodies in New Hampshire
(New Hampshire Department of Environmental Services,
2006). Once the plant is well established, eradication becomes
complicated and expensive. Studies of Eurasian watermilfoil
have noted that eradication attempts in areas where this plant
is detected early have the highest rates of success (Eichler and
others, 2001). These results emphasize the importance of early
detection in the prevention of further infestation of invasive
aquatic plants.

Figure 1.
Department of Environmental Services.)

Variable leaf water-milfoil. (Photograph courtesy of A.P. Smagula, New Hampshire
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Table 1.

Family, genus, species, and common name of the most common submerged aquatic plants

in Moultonborough Bay, Lake Winnipesaukee, New Hampshire.

Family

Genus and species

Common name

Haloragaceae
Haloragaceae
Potamogetonaceae
Eriocaulaceae

Myriophyllum heterophyllum
Myriophyllum humile
Potamogeton amplifolius

Eriocaulon septangulare

Variable leaf water-milfoil
Native milfoil
Bassweed

Pipewort

Effective management strategies for invasive aquatic
plants are continually being investigated and developed by
federal, state, and local agencies, as well as private volunteer
organizations. A priority of the U.S. Geological Survey
(USGS) Invasive Species Program (Lovich and others, 2003)
and the 1999 Federal Executive Order on Invasive Species is
to document and monitor invasions and develop methods that
resource managers can use to evaluate management strategies.
In 2005, the New Hampshire Department of Environmental
Services (NHDES) cooperated with five research entities
to develop six projects that focused on characterizing the
habitats of variable leaf water-milfoil, methods of long-term
control, and methods of eradication. For one of these projects,
the USGS cooperated with the NHDES to investigate the
distribution (presence and density) of variable leaf water-
milfoil in Moultonborough Bay, Lake Winnipesaukee, New
Hampshire, in May through July of 2005. This study utilized
geophysical and conventional water-quality measurements to
identify lake environments that may provide suitable habitat
for the establishment and growth of variable leaf water-
milfoil. The results of the study are intended to assist resource
managers in federal and state agencies by providing methods
for detecting variable leaf water-milfoil and for identifying
areas susceptible to infestation. Ultimately, this information
may lead to early detection, prevention, and more effective
mitigation strategies.

Purpose and Scope

This report (1) describes geophysical methods used to
assess limnological characteristics; (2) describes the lake-
floor environment and the distribution of submerged aquatic
vegetation (SAV); and (3) correlates lake-floor environments,
and water and sediment chemistry with the presence and
density of variable leaf water-milfoil.

This report describes the suite of geophysical
surveys done in a 180-km? area to characterize lake-floor
environments, the surficial-sediment distribution, and the
underlying geology. Acoustic ground discrimination systems
(AGDS) surveys were conducted to assess the spatial
distribution of SAV and to determine surficial-sediment
characteristics. The results of water and sediment samples
collected from 24 sites are described in this report. Three

categories were used to differentiate the 24 sampling sites for
analysis: variable leaf water-milfoil (sampling sites where

all SAV present was variable leaf water-milfoil), other SAV
(sampling sites where little to none of the SAV present was
variable leaf water-milfoil), and no SAV (sampling sites where
there was no SAV present).

Previous Studies

High-resolution geophysical systems are routinely used
in the geologic mapping of sea- and lake-floor environments;
this mapping is effective in the management of lacustrine and
marine resources, habitat and environmental monitoring, and
in providing baseline information for long-term limnologic
and oceanographic research (Shaw and others, 1997; Butman
and others, 2000; Gardner and others, 2000; Schwab and
others, 2000; Twichell and others, 2000; Denny and Colman,
2003; Baldwin and others, 2004; Collier and Brown, 2005;
Colman, 2005; Barnhardt and others, 2006). Technological
advances in surficial (sidescan-sonar and swath bathymetry)
and sub-bottom (seismic) systems now enable detailed (meter
to submeter) mapping of sea- and lake-floor environments.
When these data are integrated with physical sampling, the
morphology, surficial-sediment distribution, and subsurface
geology of the lake floor can be defined at fine scales.

Many studies have compared the use of surficial
geophysical-mapping systems such as sidescan-sonar and
swath bathymetric systems (Brown and others, 2002; Kenny
and others, 2003; Brown and others, 2004) to narrow-swath
or single-beam systems used in AGDS, to define benthic
environments (Foster-Smith and Sotheran, 2003; Brown
and others, 2005). Kenny and others (2003) recognized the
effectiveness of AGDS in demarcating changes in bottom
characteristics when accompanied by sufficient ground-truth
data and in defining small-scale habitats (smaller than 1 km?).
Brown and others (2005) suggest the complementary use of
sidescan-sonar and AGDS data to provide a robust approach
that uses the strength of each system for benthic mapping.
Sidescan-sonar surveys provide complete imagery of the
sea or lake floor and can be used to broadly define benthic
environments and boundaries, and high-resolution point
data from the AGDS can be used to characterize these
environments further.



Other investigations have used AGDS survey data to
describe the distribution and density of SAV (Maceina and
Shireman, 1980; Duarte, 1987; Thomas and others, 1990;
Valley and Drake, 2005). Valley and others (2004) used AGDS
data to measure the accuracy and precision of SAV estimates
of percent bottom coverage and percent biovolume. Because
results of ground-truth surveys did not differ significantly from
estimates determined from AGDS, AGDS vegetation surveys
were considered effective. Lubniewski and Stepnowski (1997)
reported that they successfully used AGDS data to characterize
sea-bottom sediment characteristics and composition.

Currently (2007), limited research has been done on
the effects of water and sediment quality on the distribution
of variable leaf water-milfoil. A detailed study of selected
mineral concentrations measured in the submersed apical
shoots of variable leaf water-milfoil in Lake Winnipesaukee
and Lee’s Pond, New Hampshire, related these concentrations
to site and season (Kimball and Baker, 1982) and to temporal
and morphological factors (Kimball and Baker, 1983). Kimball
and Baker (1982) compared the changes in magnitudes
of variation in apical mineral concentrations at a site for
each season and determined that these variations did not
significantly differ in magnitude from the variations among
different sites during the same season. Kimball and Baker
(1983) reported that variable leaf water-milfoil is a perennial
submerged aquatic plant, that it maintains a considerable
amount of green biomass through the winter season, and that
plant structure and season influence the mineral concentrations
in its apical shoots.

Much work has been documented on Eurasian
watermilfoil, another problematic invasive species in the
Myriophyllum genus. Nichols (1994) reported that Eurasian
watermilfoil was growing at greater depths and in areas with
less organic matter than other SAV in a lake in Wisconsin.
Smith and Barko (1990) summarized literature describing
Eurasian watermilfoil and reported general characteristics
about its habitats: it grows in depths that range from 1 to 4 m;
plants are essentially evergreen; photosynthesis occurs
in cool (15°C) waters; and it grows best in fine-textured
inorganic sediments. In addition, they reported that uptake
through the roots is the primary source of phosphorus and
that ammonium is preferred over nitrate as a nitrogen source.
Keast (1983) investigated the introduction of Eurasian
watermilfoil as habitat for fish in a lake in Canada. Keast
observed Eurasian watermilfoil growing at depths that ranged
from 2 to 3.5 m in previously open water and concluded that
Eurasian watermilfoil was not replacing native species but
occupying another niche in the environment. Madsen (1998)
indicated that the best predictors of Eurasian watermilfoil
were water-column total phosphorus and Carlson’s Trophic
State Index, which is a method for characterizing a lake’s
trophic state.

Barko and others (1986) investigated a variety of
environmental factors affecting the distribution and
species composition of SAV and reported that light, water
temperature, sediment composition, and inorganic carbon
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availability were the most important. Barko and Smart (2006)
investigated the effects of sediment-related mechanisms on the
growth of SAV and determined that correlations between SAV
growth and nutrient concentrations in the interstitial water or
total sediment were weak; moreover, correlations between
SAV growth and total or extractable sediment nutrients were
generally unsuccessful. Loeb and Hackley (1988) studied

the sparse occurrence of macrophytes in oligotrophic lakes
and examined the potential growth-regulating factors among
supporting and nonsupporting habitats for macrophytes.

They concluded that ground-water inflows may affect the
distribution of SAV. Results from Lodge and others (1989)
indicated a positive correlation between ground-water inflows
and SAV. Lodge and others (1989) suggested that ground-
water inflow may contribute to SAV growth by contributing an
additional source of nutrients and maintaining higher winter
temperatures in sediments, thus enhancing winter survival of
perennial SAV.

Methods of Data Collection
and Analysis

Geophysical and sediment-sampling surveys were used
to characterize the surficial lake-floor environment [lake-
floor morphology (depth), surficial-sediment distribution,
and the underlying geology] and the presence and density
of SAV. Water-column, interstitial pore-water, and sediment
sampling were designed to determine the concentrations of
nutrients and inorganic constituents and the characteristics of
surficial sediments.

A preliminary AGDS survey was conducted in May
2005 to collect data on the distribution of SAV and surficial
sediment. Ground-truth data were collected to provide visual
confirmation of variable leaf water-milfoil presence, sediment
type, and depth. On the basis of these data, 24 sites for water
and sediment sampling were selected (fig. 3). These sites were
spatially distributed throughout the study area and represent a
wide range of habitat conditions.

Geophysical Mapping of the Lake Floor

The characteristics of the surficial sediments on the lake
floor, the underlying sediments, and the bedrock surface were
mapped using the following suite of geophysical instruments:
interferometric sonar (swath bathymetry), sidescan sonar, and
seismic-reflection profiler (fig. 4). Sediment samples, bottom
photographs, and video also were obtained (fig. 4). For all
surveys, the ship’s position was determined through the use
of differential global positioning system (DGPS) navigation.
Surveyed depths within Moultonborough Bay ranged from
approximately 1.5 to 15 m. Water depths less than 1.5 m were
not accessible because of the limited draft of the vessel.
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Swath-bathymetric systems acquire depth information
in a swath to either side of the survey vessel and provide
continuous coverage of the lake floor (fig. 4). These data
were acquired with an SEA Ltd. Submetrix 2000 series
interferometric sonar (234 kiloHertz (kHz)). Swath width was
a function of depth, but was generally 7 to 10 times the water
depth, yielding a 7 to 100-m swath. A motion reference unit
mounted directly above the sonar head recorded vessel motion
(heave, pitch, roll, and yaw); this attitude information was
used to rectify bathymetric measurements. A sound-velocity
profiler was used to determine the sound-velocity structure
of the water column to correct for variations in the speed of
sound. The vertical resolution of the depth measurements was
approximately 1 percent of the water depth. The processed
bathymetric grid was mapped at a 1 m/pixel resolution and
incorporated into a geographic information system (GIS).

Sidescan-sonar systems record the intensity of sound
reflected from the lake floor (fig. 4). This backscatter reveals
information about the physical characteristics of the lake-
floor sediments. These data were acquired with a Klein 3000
dual-frequency (100/500 kHz) sidescan-sonar system. Data
were digitally recorded at a 2-kHz sampling rate, yielding
approximately a 0.2-m pixel resolution by following the
methodology of Danforth and others (1991). A 50-m trackline
spacing was used to ensure complete sidescan-sonar coverage
of the lake floor. Data were processed and used to create a
composite image of the lake floor at a 1 m/pixel resolution
(Danforth and others 1991; Paskevich, 1992; Danforth, 1997).
This imagery was then incorporated into a GIS.

Seismic-reflection systems are used to map the
subsurface geology, such as the thickness and geometry
of the underlying strata (fig. 4). These data were acquired
with an Edgetech SB-424 chirp sub-bottom profiler. Data
were recorded at a 75-millisecond (ms) record length and a
4-24 kHz sweep and were logged by using Triton-Elics Delph
seismic acquisition software. Seismic-reflection data were
converted to single-channel SEG-Y by using the Scripps
Institution of Oceanography’s SIOSEIS seismic-processing
software (Henkart, 2005). Automatic gains were applied to the
data through the use of the Colorado School of Mines’ Seismic
Unix seismic-processing software (Cohen and Stockwell,
2001). The processed SEG-Y and navigation data were then
imported into Seisworks (Landmark Graphics Corporation,
Inc.), an integrated seismic-interpretation package, for digital
interpretation. Selected horizons were digitized to calculate
the depths to reflectors. An average sound velocity of
1,500 meters per second (m/s) was used to determi